Traditional methods rely on physical sampling and morphological identification, which can be problematic when species are in low densities and/or are cryptic. The use of environmental DNA (eDNA) as a monitoring tool in freshwater systems is becoming increasingly acceptable and widely used for the detection of single species. Here we demonstrate the development and application of standard PCR primers for the detection of four freshwater invasive species which are high priority for monitoring in the UK and elsewhere: Dreissenid mussels; Dreissena rostriformis bugensis (Andrusov, 1987) and D. polymorpha (Pallas, 1771), and Gammarid shrimps; Dikerogammarus villosus (Sowinsky, 1984) and D. haemobaphes (Eichwald, 1843). We carried out a rigorous validation process for testing the new primers, including DNA detection and degradation rate experiments in mesocosm, and a field comparison with traditional monitoring protocols. We successfully detected all four target species in mesocosms, but success was higher for mussels than shrimps. eDNA from single individuals of both mussel species could be detected within four hours of the start of the experiment. By contrast, shrimp were only consistently detected at higher densities (20 individuals). In field trials, the two mussel species and D.
131 and establishment has been facilitated by the ability of Dreissenids to survive out of water for up 132 to 15 days (Ricciardi et al., 1995) and survive a wide range of environmental extremes (Gallardo 133 and Aldridge, 2013b) .
134
135 Monitoring and preventing the spread of D. r. bugensis is a priority within the UK because of its 136 recent arrival and potential to spread. The quagga mussel is likely to be able to invade a wider 137 range of habitats than the zebra mussel, including areas with higher temperatures, lower rainfall, 138 greater water depth, and lower dissolved oxygen (Nalepa et al., 2010; Quinn et al., 2014) . 139 Quagga mussels are also able to spawn at lower temperatures than zebra mussels (Roe and 140 MacIsaac, 2011), which suggests they will potentially thrive in the cool UK climate. Both 141 mussels are described as "ecological engineers" (Karatayev et al., 2002; Karatayev et al., 2007;  142 Roy et al., 2014) having influences on all trophic levels. In some instances, mussels provide 143 increase in shelter and habitat for benthic macroinvertebrates (Karatayev et al., 2002) , however 144 they also compete for food and decrease diversity, and have been directly linked to declines in 145 native Unionid mussels (Ricciardi et al., 1996) . Dreissenid feeding behaviour also has negative 146 effects on phytoplankton and has been linked to greater numbers of cyanobacteria blooms 147 (Karatayev et al., 2002 ).
148
149 Although previous studies have designed and tested primers for detection of Dreissenids, some 150 assays not all are suitable for discriminating between the two species (Peñarrubia et al., 2016) .
151 Others discriminate the species using a two-step PCR protocol, which was designed for tissue 152 samples and may be less appropriate for eDNA due to its large amplicon size (Hoy et al., 2009). 156 the successful detection of eDNA from both species in the field with PCR and qPCR, using 157 mitochondrial COI primers developed by Bronnenhuber and Wilson (2013) . However to our 158 knowledge, no previous study has designed and tested species-specific standard PCR primer 159 pairs in controlled experiments to evaluate the rate of DNA production and detection, nor 160 evaluated their performance for detecting eDNA in the field against traditional methods for 161 sampling. 181 haemobaphes.
182
183 The overall objective of this study was to develop and test targeted PCR eDNA assays for the 184 four INNS named above. Our framework for developing and testing the assays, consisted of: 1.
185 in silico and in vitro primer testing; 2. single species mesocosm experiments to evaluate eDNA 186 detection over time at three different densities (one, five and twenty individuals) and eDNA 187 degradation; and 3. testing the efficiency of the targeted PCR eDNA assays compared to 188 traditional kick-net sampling in the field. (Fig. 2) . The LoD for DRB1, DP1, 346 and DH1 primer pairs was ~0.005 ng/μl DNA per reaction (1:1000 dilutions of neat tissue DNA, 347 Fig. 2 A, B, D) . For DV1, the LoD was a 1:100 dilution, which corresponds to approximately 348 0.03 ng/μl of target DNA (Fig. 2 C) . No bands of the expected size were obtained in the cross 349 amplification tests; however, much larger, non-specific bands, were seen in non-target species 350 for DP1, and DV1 (Fig. 2 B and C) . Due to the substantial size difference these non-specific 351 bands are easily distinguishable from the target band size and will not lead to false positive 352 detections. Sequences generated from PCR products from all tissue, mesocosm and field samples 353 were verified as being from the correct target species. Some sequences generated from D. (Fig. 3A and B) . At least one positive replicate was 368 obtained for every sampling point over the first 21 days. For D. r. bugensis, time and total 369 biomass significantly influenced the detection by standard PCR. Of these two measures, total 370 biomass was the more significant predictor in GLMs and generated the lowest AIC (GLM, z = 371 2.262, P = 0.023, AIC 55.368). After removal of D. r. bugensis, DNA was only detected in tanks 372 with the highest mussel density (20) 24 hours after removal. DNA from these tanks was no 373 longer detected at day 28 (7 days after removal). For D. polymorpha, both time and density were 374 significant predictors of detection. Of the two measures, density was the strongest predictor with 375 the lowest AIC (GLM, z = 1.969, P = 0.049, AIC 32.823). DNA from D. polymorpha persisted 376 to day 42 (21 days after removal) in two of the three density treatments (see Supplementary 377 Information I Table S12 -15 for full GLM data).
379 Dikerogammarus species: DNA from both target species was consistently detected at each 380 sampling point between 4 hours and 21 days for the 20 individual density treatment (Fig. 3 C and 
D).
Dikerogammarus haemobaphes was detected at every sampling point between 4 hours and 382 21 days in the 5 and 20 individual density treatments (Fig. 3D) , whereas D. villosus was only 383 consistently detected at the highest density treatment (Fig. 3C) (Table 2A) . Detection by kick-sampling was 405 33% (6 samples out of 18). Positive eDNA detections were obtained for every sampling replicate 406 at each of the three sites along the River Wraysbury, hence eDNA detection was 100% (Table   407 2A and Supplementary Information V Fig. S5 ). D. polymorpha was found by kick-sampling in 408 only one of three sites (Duddington , Table 2A ) although the species is known to be present 409 throughout the sampled catchment. The number of positive detections for kick-sampling was 472 the highest density treatment. This likely reflects both differences between the assays in terms of 473 primer robustness and physiological differences between the two species pairs. The high success 474 for Dreissenid mussels is likely due, at least in part, to the fact they were able to continuously 475 filter feed on algae and phytoplankton present in the water column during our experiments, as 476 they would in the wild, enabling them to maintain an active metabolism.By contrast, 490 villosus in the single density treatment could at least partly be explained by a substantial 491 difference in biomass (means 0.97 g and 0.13 g respectively). However, this explanation is less 492 likely to account for differences in detection in the five individual density treatment since 493 biomass was more similar for the two species (total biomass D. haemobaphes 2.10 g and D.
494 villosus 1.82 g). Higher sensitivity and/or robustness of the D. haemobaphes primer pair, is likely 495 an important contributing factor.
496
497 We might expect that as long as DNA production rate is greater than the degradation rate, (as 498 seen in models produced by Thomsen et al., 2012) , eDNA availability should increase over the 499 course of the experiment. Under this prediction, we expect the DNA concentration and the 500 number of positive detections to increase over time, and for there to be an interaction with 501 density. Alternatively, DNA concentrations may increase at first and then plateau, when an 502 equilibrium is reached between DNA production and degradation (Klymus et al., 2015; Sansom 503 and Sassoubre 2017; Nevers et al., 2018). As we are using standard PCR, rather than qPCR we 504 are unable to determine DNA concentration, however we do see an increase in band strength in 505 both Dreissenid mesocosm experiments between 4 and 24 hours, and for the high density 506 Dikerogammarus mesocosm tanks, suggesting increasing DNA concentration in the early stages 507 of the experiment. However, overall the number of positive detections fluctuates rather than 508 showing an accumulation or a plateau over time. Of the 4 mesocosm experiments, times was a 509 significant predictor of detection probability for the two Dreissenidae mussels only. The 510 fluctuation in the number of detections over time may be due to a combination of the activity of 511 the organisms, the balance between DNA production and degradation, and/or changes in the 512 concentration of PCR inhibitors. In Dreissenid mussels, filter feeding may both release and 548 polymopha and D. haemobaphes, may be due to the relatively lower flows during these surveys 549 which have caused a reduction in DNA distribution across the river. However, there is a 550 fluctuation in the number of detections across the samples at each site for these species and we 551 detect DNA at sites where they were not physically collected. This is further evidence of eDNA 552 being transported down the catchment rather than a false positive result. This greater variability 553 in detection due to the lower flow conditions is likely to demonstrate the true variation 554 encountered when surveying lotic systems for target species. 
Species detection in field experiments
Summary of the number of positive detections from each field sample at each site (eDNA sample out of 3 PCRs, kick sample the number of specimens collection in a 3 minute sample) Water and WB -Wroxham Broad (eDNA sample out of 1 PCRs, kick sample the density of specimens found after a 3 minute sample).
DRB -Dreissenia rostriformis bugensis-

